Abstract: Nano-size LiFePO4/C composite was synthesized via a modified solid state reaction method. Olive oil is used as carbon source. The conventional solid state process was modified by introducing two initial steps of slurry phase blending of the ingredients and solvent removal by rotary evaporation, so as to get an intimate mixing and homogenous dispersion of reactants and conductive carbon in the sample. Both structure and morphology of the LiFePO4/C composite sample have been characterized by X-ray diffraction (XRD), Mössbauer spectrometry, transmission electron microscopy (TEM) and Raman spectroscopy. The LiFePO4/C composite exhibited a high crystallinity. The particles of synthesized LiFePO4/C were fine and homogeneous in size, with an average diameter of 100nm. Since the thermal effect of laser irradiation may possibly alter material surface, particular attention has been paid in characterizing the structure and component of the material surface by Raman spectroscopy.
Introduction
In recent years, lithium iron phosphate LiFePO4 has been extensively studied as a promising cathode active material for lithium-ion batteries because of low cost, good thermal stability, low toxicity and relatively high theoretical specific capacity of 170 mAh g -1 with a discharge voltage plateau of 3.5 V versus Li/Li +1-5 . However, one of the major problems that inhibit its use in large batteries for applications, such as hybrid electric vehicles (HEVs), is poor rate capability which can be attributed to its intrinsically low electronic conductivity 6 and lithiumion diffusivity 1, 7 at room temperature. LiFePO4 optimization for good electrochemical performances in lithium-ion batteries has been achieved in controlling of synthetic parameters to adjust particle size and morphology to reduce the transport path length of Li +8-11 and/or in forming an electronic conductive particles coating to provide a pathway for electron transfer [12] [13] [14] [15] [16] . Thin carbon layer coating on the LiFePO4 particles is one of the most promising ways to enhance electrochemical properties of LiFePO4. Doeff et al. 17 reported that the morphology and the characteristics of residual carbon can affect the electrochemical performance of LiFePO4. To obtain LiFePO4 with fine particles and an intimate carbon coating for high power purpose, many soft chemistry routes, such as sol-gel synthesis 18 , coprecipitation 19 , hydrothermal reaction 20, 21 , and emulsion-drying method 22 , have been tested. These methods often suffer from long synthesis time, low production rate, generation of large chemical and aqueous wastes, and requirement of an additional high-temperature sintering step to enhance crystallinity 23 . For the high temperature solid-state route used for the synthesis of LiFePO4 8, 14, [24] [25] [26] [27] [28] [29] [30] , results in a final product are frequently composed of impurities like Li3Fe2(PO4)3, Fe2O3 and Li3PO4, and it is also very difficult by such process to obtain fine and homogeneous particle that is regarded as a key factor for the power ability.
In this work, we adopted high temperature solid-state method with a modified protocol for the synthesis of LiFePO4/C composite, olive oil was used as carbon source. Structural characteristics of the synthesized compounds are described by XRD, 57 Fe Mössbauer spectrometry, TEM and Raman micro-spectrometry analysis. Galinetto et al. 31 studied the effect of laser irradiation on the thermal stability of LiFePO4. They have concluded that its stability up on laser irradiation depends on the synthesis route, or more specifically, on the grain size and degree of order of the olivine structure. Ramana et al. 32 pointed out the possibility of the photodecomposition of LiFePO4 samples and used an excitation laser power lower than 10 mW to prevent the destruction of the samples. In this way, the effects of laser beam power on our synthesized LiFePO4/C particles were investigated.
Experimental Section

Synthesis of samples
For the preparation of LiFePO4 powder, the reactants (FeC2O4.2H2O, Li2CO3 and NH4H2PO4 in a ratio of Li: Fe: P = 1:1:1) were mixed thoroughly with high purity ethanol and were stirred under high purity argon for 24h. Ethanol was eliminated by using a rotary evaporator. Thermal treatment was performed in two stages under high purity argon flow. The precursor powders were first heated at 350°C for 3h in order to drive away the gases and to initiate the synthesis, then reground and annealed at 700°C for 10h. The sample obtained in this manner is hereafter named LFP. For LiFePO4/C composite, the olive oil as a carbon source was added to the mixture of the starting materials after elimination of ethanol. During the calcinations, olive oil was carbonized and the produced carbon was coated on surface of the LiFePO4 particles. The final product is referred to LFP/C sample in this work.
Structural and morphological characterization
The crystalline phase of the particles was investigated with X-ray diffraction using a Philips X'Pert PRO diffractometer equipped with a Cu anticathode at room temperature. The Rietveld refinement of the X-ray powder diffraction pattern was performed using TOPAS 4.2 to obtain the crystal structure parameters. Mössbauer spectroscopy measurements were performed in transmission geometry at 300 K, in plastic sample holders, using a constant-acceleration spectrometer with a 57 Co source. Calibration was achieved from a standard α-iron foil at room temperature (300K). The spectra were analyzed using the MOSFIT program 33 which is based on non-linear least squares fitting procedures assuming Lorentzian Mössbauer lines and the values of isomer shift are quoted relative to that of α-Fe at 300K. Micro-structural observation was performed using an analytical transmission electron microscope FEI Tecnai G2 operating at 200 kV with a LaB6 filament. Specific surface area of LiFePO4/C sample was determined from the N2 adsorption isotherms at 77K with the BET method using a Micromeritics ASAP 2020 Analyzer. The carbon amount was determined with a CHNO/S analyzer (2400II, PerkinElmer). Raman spectra of the samples were recorded at room temperature in the backscattering configuration on a T64000 Jobin-Yvon (Horiba) spectrometer under a microscope with a 100X objective focusing the 514nm line from an Ar-Kr ion laser (Coherent, Innova). Measurements using different laser output powers between 50 and 300 mW (corresponding to a laser power of 2 and 25 mW on the sample) were carried out consecutively without moving the sample. Single spectra were recorded twice with an integration time of 20 s.
The electrode used for testing the electrochemical performance was manufactured by mixing 75 wt. % LiFePO4, 20 wt. % carbon black and 5 wt. % polyvinylidene difluoride. The intensively mixed slurry was rolled into a sheet, and then cut into pellet and dried at 60°C for 12h. The performance of the LiFePO4 cathode was evaluated by Swagelok type cell, using a lithium metal as both the reference and the anode electrode. A borosilicate glass fiber sheet saturated with electrolyte was used as separator, the electrolyte used consisted of a 1 M solution of LiClO4 in a mixed (1:1) solvents of ethylene carbonate (EC) and dimethyl carbonate (DMC). The cell assembly was performed in an argon atmosphere glove box model JACOMEX. The cells were tested between 2.5 V and 4.3 V at C/10 rate at ambient temperature.
Results and Discussion
The X-ray patterns of LFP and LFP/C samples obtained by the modified solid state preparation are reported in Figure 1 . All diffraction peaks can be attributed to an ordered olivine LiFePO4 structure with orthorhombic lattice (Pnma). 36 . There is no evidence for the formation of crystalline or amorphous carbons. Figure 1b and Table 2 show the Rietveld refinement results of the XRD pattern of the LFP/C composite. The observed and calculated patterns match very well (RBragg = 0.399). Noticeable structural changes were not observed in the XRD pattern of the carboncoated LiFePO4 indicating that the olivine structure was well maintained after carbon coating. Impurity phases such as Fe2O3 and Li3Fe2(PO4)3 that usually appear in LiFePO4 products synthesized by solid-state reaction were not observed in the carbon-coated LiFePO4. The carbon in the composite prevents the oxidation of iron from Fe 2+ into Fe 3+ , which hinders the appearance of impurity, and stops the growth of the LiFePO4 particle 37 . However, Yamada et al. observed small Fe 3+ impurity using Mössbauer spectroscopy 38 more sensitive than X-ray diffraction to detect Fe 3+ impurities. The Mössbauer spectra for LiFePO4 crystals have been measured by some researchers [38] [39] [40] and the values of isomer shift δ and quadrupole splitting Δ have been reported (δ = 1.20-1.22 mm/s and Δ = 2.95-2.98 mm/s). The 57 Fe Mössbauer spectrum of the prepared LFP/C recorded at room temperature is illustrated in Figure 2 and the results indicate only one quadruple doublet. The mean values of the hyperfine parameters (δ = 1.23 mm/s and Δ = 2.96 mm/s) are assigned to Fe 2+ ions with a high spin configuration of 3d electrons and the asymmetric local environment at the Fe in LiFePO4 as explained by Yamada et al. 38 , the low line width Г = 0.34 mm/s value is due to the formation of LiFePO4 crystals. We note the absence of Fe 3+ , any incidence of Fe 3+ would result in a weak and closely spaced doublet located in between the very strong Fe 2+ peaks of the doublet, as it was observed in the work of Prince et al. 39 .
Figure 2. Mössbauer spectrum of the synthesized LFP/C.
The TEM image of the nanocrystals synthesized in the absence of organic molecules displayed spherical and polygonal particles ranging from 150 to 200 nm (Fig. 3a) . This small particle size has not been reported yet for solid state reaction. The unique morphology and size are due to the homogenization of the starting material by stirring in ethanol for several hours. The particles size was decreased with the addition of olive oil into the reaction system as illustrated in Figure 3b . The nanocrystals displayed uniform and spherical particles ranging from 50 to 150 nm. We note the presence of small extensions at the surface of the LFP/C particles. Both morphology and size of LFP/C composite are due to the very intimate mixing of the reactants on the molecular level by stirring in ethanol and to the admixing of olive oil in the starting material. Note that the average particle size of the synthesized LFP/C sample is consistent with the obtained crystal grain size calculated from XRD pattern, implying that the particles are not formed from the agglomeration of several grains. Thus, it is seen that the modifications introduced in this study result in attaining much smaller particles with a narrow size range. This indicates that compared to the conventional process, the modified process leads to (1) an intimate blending of the ingredients resulting in a more uniform particle size, and (2) a more homogenous distribution of carbon source throughout the sample that limits the particle growth effectively. TEM also reveals that the particles have a rough surface without sharp edges; an added indication of the efficient carbon coating achieved. The results indicate that the addition of carbon is beneficial to the control of the particle size. The characteristics of the LFP and LFP/C powders are listed in Table 3 . Figure 3 . TEM observation bright-field images of the prepared powders: (a) LFP and (b) LFP/C. Raman spectroscopy is sensitive to the surface of materials compared with XRD; this technique allows the detection of impurity phases even when their amount is well below the detectable limit of XRD. Phospho-olivines are Raman active compounds [41] [42] [43] [44] . Figure 4 displays the Raman spectra of the LFP powder. . 
Figure 5. Raman spectrum of LFP/C sample
To exclude the influence of laser heating which can induce phase transformations thus preventing a real phase homogeneity characterization, Raman spectrum was collected under moderate laser power of 10 mW. The peaks observed agree very well to the assignments reported in the literature 41, 45 . No evidence of impurity such as iron oxide was seen in the Raman spectra. The LFP material demonstrates a sharp peak near 949 cm −1 , suggesting a high degree of order. The broad bands at 1355 and 1596 cm -1 are well known from the spectroscopy of carbon as being the D and G bands that originate from amorphous and graphitic forms, respectively. However the presence of the latter was only a few times observed. Such carbon contaminations were also reported by both Song et al. 46 on their one step made LiFePO4 thin films and Hu et al. 47 on their sol-gel made LiFePO4 powder. The former groups ascribed its presence to its preparation that enlisted a decomposition of metallo-organic precursors Raman spectrum of LFP/C sample is depicted in Figure 5 . The carbon layer that blocked off the signals from LiFePO4 to a certain extent in the measurement makes it difficult to see the details of the spectrum of the olivine structure due to the attenuation of the signal and the overlapping of the spectral bands. Only a weak signal at 945 cm −1 related to PO4 3− anion symmetric stretching (the strongest peak in the olivine LFP spectrum) is observed. [50] [51] pointed out that the ratio of the disordered/graphene (D/G) of the in situ carbon coating formed from the carbon-containing precursor strongly affected the electrochemical performance of LiFePO4. The carbon coating with lower D/G ratios outperformed those with higher D/G ratios. A small ID/IG intensity ratio of 0.93 for LFP/C reveals decreased level of disorder 50 . The result suggests an improved electronic conductivity of this sample which could be beneficial to improve the electrochemical properties and indicates that the olive oil can be pyrolyzed to form highly graphitized carbon with low ID/IG ratio and good electronic properties 50 . The power setting of the excitation laser should be carefully controlled in Raman spectroscopy measurements. Raman spectra of LFP/C were collected as a function of laser power and are presented in Figure 6 . The irradiated region has the olivine structure, as clearly evidenced by the main peak at around 945 cm -1 . The olivine phase is stable in the LFP/C sample after high irradiation laser power. The intensities of the vibrational peaks of C-coated LiFePO4 enhanced markedly as the laser power increased. The resulting Raman spectrum can no longer be associated with a pure olivine-coated structure; two intense bands at about 217 and 277 cm -1 are present and are due to the formation of the hematite phase. The presence of hematite clusters during Raman inspection of the sample is favored by the reduced grain size 52, 53 and so by the high specific surface area; the specific area value obtained by BET surface analysis was 34 m 2 g -1 for LFP/C sample. These bands are related to A1g and Eg vibrations inα-Fe2O3 54-61 .Xia et al., with the use of Raman spectroscopy, showed that the exposure of LiFePO4 in hot air leads to the formation of α-Fe2O3, lithium and iron phosphates on the surface of the samples 62 . The Raman spectra in Figure 6 show that the sample is able to dissipate the thermal energy and strain accumulated from the laser irradiation even when the laser power reaches 300 mW. As reported by previous researchers, the ability to accommodate stress is better for small particles than for large grains 63 . The effectiveness of laser irradiation depends on the grain size and degree of order of the olivine structure: the more ordered the structure, the less effective the transformation.
So, the grain size of LFP/C explains the stabilization of the general spectra under laser irradiation. The strong thermal endurance of the LFP/C material is ascribed to the high thermal conductivity after carbon coating; with high thermal conductivity, it is not easy to accumulate heat and lattice strain. Generally speaking, owing to the absorption of radiation in the confocal micro-Raman setup, the local temperature may increase by hundreds of degrees, inducing the wavenumber shift of Raman modes, or even the sample alteration as the result of oxidation, recrystallization, order-disorder transitions, phase transition or decomposition 63 . Figure 7 shows the characteristic vibration near 945 cm -1 which experienced a red shiftand line broadening; signifying changes in the nature of this sample but the olivine crystal structure is not destroyed when the power reached 300 mW. Markevich et al. 64 investigated effects of laser irradiation power on the Raman spectra of LiFePO4/C powder in the ambient atmosphere at a moderate laser power, the phenomenon of the removal of the carbon coating layer was detected. LiFePO4/C powder, with carbon layer gasification, undergoes oxidative decomposition by the oxygen with the formation of Li3Fe2(PO4)3 and -Fe2O3, even at a moderate power of the excitation laser. A completely different type of situation occurs in the case of LFP/C; full gasification of carbon does not occur, even at a laser power of 300 mW during the spectrum acquisition. It is clear that during the exposure of the sample to the laser beam, the ratio of intensities of the bands related to carbon and the olivine band at 945cm -1 changes slightly, especially for a laser irradiation power under 200 mW; the carbon coating layer is not removed from the surface of particles, the peaks with a lower intensity related to the olivine structure do not appear as the laser power is increased. This phenomenon can be explained by the fact that olive oil is soap and can favorably interact with LiFePO4 regardless of its various properties; the raw materials of soaps are fatty acids or surfactants and the main ingredients of olive oil are fatty acids.
Electrochemical performance of the LFP/C was examined by charge discharge tests. Franger et al. 65 reported that the specific capacity is very dependent on the particle size. The carbon coating on the LiFePO4 surface does not only increase the electronic conductivity via carbon on the surface of particles, but also enhances the ion mobility of lithium ion due to prohibiting the grain growth during post-heat-treatment. Figure 8 illustrates the charge/discharge voltage profiles for a LFP/C electrode at the C/10 rate. A flat voltage plateau was observed at the potential of 3.5 V versus Li/Li + . This electrochemical behavior corresponds to the solid-state redox of Fe 2+ / 3+ in the LiFePO4 accompanying with Li + ion extraction and insertion 1 . The LiFePO4/C composite cathode delivers an initial discharge capacity of 146 mAh g −1 between 2.5 and 4.3V. The smaller particle size, which is helpful for accessibility of the redox centers, is favorable to achieve larger capacity. During synthesis, the olive oil particles limit the growth of large crystallites, possibly by segregating the crystalline seeds, favoring their dispersion and homogenizing their size. This leads to an increase of the specific surface area measured by the BET method (34 m 2 g -1 ) and it makes the electrolyte accessible to a more extended region of the active material. According to Padhiet al. 1 , the surface area (i.e., particle size) is a critical factor in determining the cell performance of LiFePO4, because the chargedischarge process is controlled by lithium transport across the LiFePO4/FePO4 interface. Figure 8 . Charge-discharge curves of the LFP/C electrode.
Conclusions
Pure and well-crystallized LiFePO4/C composite with small particle size was synthesized using olive oil as a carbon source by modified protocol of high temperature solid-state method. This coating was effective in enhancing capacity, LiFePO4 coated with olive oil as a carbon source can deliver first discharge capacity of 146 mAh g -1 at a C/10 rate. The use of olive oil as a carbon source prevents the particle growth during the final sintering process and provides narrow particle size distribution and better homogeneity of the carbon coating. By adopting a relatively high temperature solid-state method as described and a using of olive oil as carbon source, it is possible to synthesize cathode materials on nano-scales that could accomplish high capacity.
Raman spectra of the synthesized LiFePO4/C as a function of different Ar-Kr laser power revealed that this composite possesses a good stability under various laser power irradiations. Particular attention has to be paid when using the micro-Raman technique for the characterization of the LiFePO4 system. Phase transformation can be induced when the laser beam is focused on a spot with a diameter of only a few micrometers, exposure of olivine coated-LiFePO4/C with olive oil as carbon source at 300 mW power of a 532-nm laser is not sufficient to destroy the crystal structure of the obtained compound. C-coated LiFePO4 exhibits a high thermal stability and a strong thermal endurance, which are attributed to the enhanced thermal conductivity after the carbon coating. The phenomenon of the removal of the carbon coating layer is not observed and the olivine structure of LiFePO4/C powder remains unchanged. This phenomenon can be explained by the fact that olive oil is soap and can favorably interact with LiFePO4 regardless of its various properties; the raw materials of soaps are fatty acids or surfactants and the main ingredients of olive oil are fatty acids.
Further efforts on the carbon coating status correlated with the carbon content are underway in our group.
